The Drosophila Mus308 gene is unusual in encoding both a family A DNA polymerase domain and a DNA/RNA helicase domain. A mus308 mutation was shown to result in increased sensitivity to DNA cross-linking agents, leading to the hypothesis that Mus308 functions in the repair of DNA interstrand crosslinks. Recently a mammalian ortholog of Mus308, POLQ, has been identified. We report here the identification, cloning and characterization of POLN and its gene product, a new mammalian DNA polymerase also related to Mus308. The human cDNA encodes a protein of 900 amino acid residues. The region starting from residue 419 shares 33% identity (48% similarity) with the equivalent region of E. coli DNA polymerase I. POLN is expressed in human cell lines with numerous alternatively spliced transcripts, and a full-length human coding region that comprises 24 exons within 160 kilobases of genomic DNA.
Introduction
A growing number of mammalian DNA polymerases have been identified within recent years, and initial characterization suggests that they have specialized roles in DNA replication or repair.
Based on sequence relationships, the enzymes are currently classified into four families designated A, B, X, and Y (1). Founder members of each family are E. coli DNA polymerase (pol) I (family A), mammalian pol a (family B), mammalian pol b (family X), and E. coli pol V (family Y). Nuclear enzymes in families B, X, and Y have received much recent attention, with family Y including enzymes that can bypass DNA template lesions.
In Drosophila melanogaster, a family A enzyme is believed to be encoded by the Mus308 gene (2) . The C-terminal portion of Mus308 is predicted to encode a DNA polymerase, whereas the N-terminal portion predicts seven characteristic motifs found in DNA and RNA
helicases. An apparent human ortholog of Mus308, designated POLQ or DNA pol q, is encoded in the human genome (NCBI accession number NM_006596), and a cDNA representing the Cterminal part of the gene has been isolated (3) . We recently isolated a mammalian DNA helicase gene designated HEL308 which is homologous to the N-terminal portion of Drosophila Mus308 (4) .
Mutations in the Mus308 gene lead to marked sensitivity to DNA interstrand crosslinking agents (5) . Such interstrand DNA cross-links (ICLs) can be caused by some environmental and chemotherapeutic agents, and are potent inhibitors of DNA replication and transcription. In mammalian systems, ICL repair takes place and can be observed in cells, but the mechanisms are not well understood. In E. coli, ICLs can be repaired by the coordinated action of nucleotide excision repair and homologous recombination (6, 7) . In this pathway, the prototype A family enzyme Pol I plays a crucial role.
With the aim of discovering enzymes related to Mus308 and Pol I that may be involved in DNA crosslink repair, we sought mammalian DNA polymerases belonging to the A family of DNA polymerases and identified a new mammalian DNA polymerase, POLN (DNA pol n).
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Materials and Methods
Isolation of human and mouse POLN genes. Searches of public databases revealed a mouse expressed sequence tag, AA475002 (NCBI accession number) homologous to the C-terminal part of the Drosophila mus308 polymerase domain. From this 1193 bp sequence, primers were designed to clone the murine coding sequence by 3'-and 5'-rapid amplification of cDNA ends (BD Biosciences SMART RACE cDNA Amplification kit). Total RNA was prepared from mouse leukemia L1210 cells using an RNeasy kit (Qiagen). Two different amplification reactions were performed to exclude mistakes obtained by PCR amplification, and verified fragments were assembled.
For the human cDNA, primers were designed from NCBI sequence AF044578 to isolate a 1756 bp C-terminal fragment by PCR from a testis cDNA library (BD Biosciences) . To obtain and analyze the N-terminal region of human POLN, total RNA was extracted from K562 cells and 833K cells. Reverse transcription and nested PCR was performed and the products cloned using a Zero Blunt TOPO PCR cloning kit (Invitrogen). Inserts were screened by PCR using vector primers M13F and M13R. Insert sizes varied because of alternative splicing and several clones from each set were sequenced.
Cell growth and expression of GFP-POLN. SV40-transformed human MRC5VA
fibroblasts were grown in Eagle's MEM supplemented with 10% fetal calf serum. The POLN open reading frame was amplified using Pfu DNA polymerase and primers containing terminal EcoRI and BamHI sites. The PCR product was digested with EcoRI and BamHI and ligated into the EcoRI, BamHI sites of pEGFP-C1 (BD Biosciences). This produced an in-frame fusion of POLN to the C-terminus of enhanced green fluorescent protein (GFP). A QuikChange mutagenesis kit (Stratagene) was used for introducing substitution mutations. Constructs and mutations were confirmed by sequencing. Cells were transfected using FuGENE 6 (Roche).
After 48 h, cells were incubated in selection medium containing 800 mg/ml G418. Stable transfectants were isolated after 2 weeks selection. O C for 30 min. Reactions were stopped with 10 ml of 40 mM EDTA, 2% sodium pyrophosphate and placed on ice. As a positive control 0.5 unit of exo-free DNA pol I was used. 5 ml of each reaction mixture was spotted onto DE81 paper (Whatman), which was washed three times with 0.5 M Na 2 HPO 4 for 5 min and once with ethanol. The paper was dried at room temperature and radioactivity quantified with the use of a Fuji Phosphor Imager.
For primer extension, a 16-mer (5' CTT GAA AAC ATA GCG A 3') was end-labeled with T4 polynucleotide kinase and [g-32 P]ATP and annealed to a 34-mer template (5' AGC GTC TTA ATC TAA GCT ATC GCT ATG TTT TCA AG 3') (9). Reaction mixtures (20 ml) 
Results
Isolation of a novel A-family DNA polymerase gene from mammalian genomes. Searching for mammalian homologs of E. coli DNA pol I, we found a mouse expressed sequence tag clone (AA475002), and a human sequence (AF044578) related to pol I but unlinked to POLQ. RT-PCR was used to obtain longer mouse and human cDNA fragments and complete sequence information (Fig. 1) . Because of the strong DNA polymerase similarity and activity described below, the gene was designated as POLN (symbol, pol n), with agreement from the HUGO nomenclature committee. The same mouse cosmid library was screened with a 500 bp cDNA fragment containing helicase motif VI of Hel308, obtained from NCBI EST number AA517170. Three cosmids were confirmed to contained mouse Hel308 gene fragments, and all mapped to chromosome 5, region E by FISH analysis (not shown). This region of the mouse genome is syntenic to human chromosome 4q21 where human HEL308 is encoded.
Human POLN localizes to nuclei. Analysis of POLN by the PSORT II program (http://psort.nibb.ac.jp/) predicts nuclear localization, with no mitochondrial signal sequence.
Putative nuclear localization signals are present starting at residues 134 and 741 of human POLN (Fig. 1) . To experimentally analyze the cellular localization of human POLN, the cDNA encoding the GFP protein was fused in-frame to the amino-terminus of POLN (GFP-POLN), and transfected into SV40-transformed MRC5VA fibroblasts. After G418 selection, single clones were isolated. In all clones tested, the tagged protein was found only in cell nuclei, with by guest on August 17, 2017 http://www.jbc.org/ Downloaded from exclusion from nucleoli. Control clones harboring a construct expressing only GFP showed diffuse distribution of fluorescence in both cytoplasm and nucleus (Fig. 2 ).
POLN encodes a DNA polymerase. To determine whether POLN had DNA polymerase activity as predicted from the sequence, human GFP-POLN was expressed in mammalian cells and immunopurified. As a negative control, a single point mutation was created to change an Asp codon (GAC) in the highly conserved polymerase motif 3 ( Fig. 1) to an Ala codon (GCC).
Substitution of the corresponding Asp abrogates polymerase activity in bacterial pol I (13). This mutant (D624A) form of POLN was strongly predicted to be catalytically inactive. Recently, Shimazaki et al (14) found that recombinant DNA polymerase lambda (pol l) contains a prolinerich region. Deletion of this region increased pol l activity by 3 -18 fold. The C-terminal 35 amino acids of human POLN include 11 proline residues, not present in the mouse PolN sequence (Fig. 1) . To test for an effect of the proline-rich domain on activity, a point mutation was introduced to eliminate the last 39 residues of human POLN by changing Trp codon 861
(TGG) to a stop codon (TGA). POLN and the mutant forms were expressed as N-terminal GFP tagged proteins by transfection of the human fibroblast cell line MRC5VA. Expression and nuclear localization of the normal and mutant GFP fusion proteins was confirmed by fluorescence microscopy (not shown). From total cell extracts of the transiently transfected MRC5VA cells, tagged POLN was immunoprecipitated using anti-GFP antibody conjugated to Protein A sepharose beads. POLN and mutant forms were recovered in similar amounts in the immunoprecipitates (Fig. 3A , IPP lanes).
Human POLN had DNA polymerase activity as assayed with activated calf thymus DNA as substrate (Fig. 3B) . The D624A mutant protein showed no detectable activity above background. POLN was also able to extend DNA on a singly-primed template (Fig. 3C) . A ladder of products was observed, with the predominant product being extension of the primer by non-transfected cells, or cells containing GFP alone. Deletion of the proline-rich C-terminal tail from POLN did not measurably change DNA polymerase activity ( Fig. 3B and C (Fig. 4A) .
A shorter transcript of about 2 kb was also present in most tissues, and was the predominant form detected in heart, liver, skeletal muscle, kidney and pancreas. This presumably reflects a frequent alternative splice event. Longer transcripts were also apparent in skeletal muscle and heart (Fig.   4A ). Overall, expression of POLN was relatively weak and required long exposure times in order to detect hybridization in human tissues.
A full length HEL308 transcript is predicted to be about 3 kb long. Northern hybridization detected a single transcript of this size in many tissues (Fig. 4A) . Expression was strongest in testis and next highest in heart, skeletal muscle and ovary.
A panel of human cancer cell lines was also surveyed by northern hybridization using the same probes (Fig. 4B ). All lines examined contained the predominant POLN 2 kb transcript, with the longer, full-length transcript apparent only in the K562 cell line, originating from a chronic myelogenous leukemia. HEL308 transcripts were detected in all cell lines tested, although at varying levels. coli Pol I comprise one branch. A separate, more distantly related branch is composed of the mitochondrial DNA pol g enzymes. DNA polymerases from many bacteriophage diverge more widely. The POLN and POLQ enzymes cluster in a distinct branch to form a separate sub-family (Fig. 6) .
Discussion
This report is the first in which activity of a nuclear PolA-family polymerase has been Mammalian POLQ is predicted to encode both a DNA helicase and a DNA polymerase.
Because HEL308 and POLN are respectively most similar to the helicase and polymerase domains of POLQ, it is possible that POLN and HEL308 are related to POLQ by an ancient gene duplication event. The close similarity between mouse and human POLN, and between mouse and human POLQ (Fig. 6 ), suggest that continued selection for distinct functions of the two enzymes has operated during mammalian evolution. It is possible that POLN and HEL308 may work together in the cell. Our investigation of the expression pattern of POLN and HEL308
showed a partial overlap, consistent with this possibility. We looked for co-immunoprecipitation of additional human proteins in cells expressing GFP-POLN by mass spectrometric analysis of proteins after two-dimensional electrophoresis. Although several heat-shock proteins were coimmunoprecipitated, HEL308 was not found (F. M., J. Minden, R. W, unpublished data). PCNA, often associated with DNA polymerases as a cofactor, was also absent from the GFP-POLN
immunoprecipitate.
The precise function of POLN in the cell is yet unknown, a situation that is also presently true for most nuclear DNA polymerases. A possible function of the POLN/POLQ polymerase sub-family in DNA repair function was suggested recently by Shima and co-workers (27) .
Mouse PolQ was proposed as a candidate for a gene that leads to spontaneous chromosome instability as measured by formation of micronuclei in reticulocytes. It is also intriguing that chromosome 4p16.2, where human POLN is located, is found to be deleted in about 50% of breast carcinomas (28) . Considering its high expression in human and mouse testis tissue, another potential role for POLN is in meiosis. Previous studies have found that the mouse Polk, Poll and Poli genes, respectively encoding the specialized DNA polymerases dinB (pol k), pol l and pol i, are also highly expressed in the seminiferous tubules of the mouse testis (29) (30) (31) .
However, the expression patterns of mRNA of the four polymerases in testis is somewhat Table I 
